Background. Despite the development of various methods of intraocular pressure (IOP) measurement, Goldmann applanation tonometry (GAT) is still the most popular. The measurement using GAT depends on the biomechanical properties of the cornea, such as the thickness, the radius of curvature, as well as the amount of the fluorescein used.
Introduction
Goldmann applanation tonometry (GAT), despite over 50 years of history, is still considered the gold standard for intraocular pressure (IOP) measurement and is recommended by the European Glaucoma Society (EGS) as the most precise method. 1 Invented by Hans Goldmann in 1957, this technique is based on the Imbert-Fick law, in which the force required to flatten the sphere is a measure of IOP. The rule assumes that the surface of the sphere is perfectly dry and smooth. 2 Furthermore, the measurement depends on the biomechanical properties of the cornea, including the thickness, the radius of curvature, as well as the amount of the fluorescein used. Goldmann applanation tonometry is a tonometer calibrated to the mean corneal thickness -520 nm, thus, it is not accurate for every type of the cornea. 3 The studies show that the values of IOP measured by GAT are underestimated in patients after refractive eye surgery, and the number of those patients is still increasing. It was proven that ablation of the center of the cornea results in a constant decrease of IOP values by approx. 1.6 mm Hg in myopic eyes, as well as in hyperopic eyes. Additionally, extra reduction of IOP was observed in myopic patients (0.029 ±0.003 mm Hg per 1 μm of excised tissue), which is explained by the fact that the location of maximum ablation is in the center of the cornea. Assuming that 15 μm of tissue is excised for correction of 1 diopter, every corrected diopter decreases IOP by 0.5 mm Hg. The study confirms that GAT can show incorrect values of IOP after refractive surgery and in patients with corneal disorders. 4 Changes in the structure of the eye or the orbital cavity, various amount of fluorescein, astigmatism, eye clenching, as well as too narrow collar or tie, can also impact IOP measurement. 1 Applanation resonance tonometry (ART) is one of the new methods of IOP measurement. Although the contact with the cornea resembles the Goldmann tonometer, the mechanism of measurement has changed. A convex, bakelite tip equipped with piezoelectric resonator is intended to measure the resonance frequency. That mechanism enables the simultaneous measurement of the applanation and the force required to applanate the cornea. Two versions of that tonometer are available -automatic (servo-controlled) and manual. It can be attached to a slit lamp, which is similar to GAT, or handheld. Applanation resonance tonometry has been known for many years and was described as a new, promising method. The correlation between GAT-and ART-acquired readings was analyzed in many studies. [5] [6] [7] ART, as well as GAT, can be performed with the use of a slit lamp; it depends on the flattening of the desensitized cornea by an automatically exsertile tip. Three measurements of IOP are made, then averaged, but the contact time with the cornea is much shorter than during GAT, which greatly reduces the risk of cornea damage. There is no need to use fluorescein. 7, 8 
Objectives
The aim of the study was to compare IOP values measured by GAT with those measured by ART. The handheld version of an automatic ART was used in this study.
Material and methods
Ninety-six eyes of 48 patients were enrolled in the study. Two eyes of 1 patient were excluded due to measurement failure. Finally, the study included 94 eyes of 47 patients -56 eyes of 28 patients with primary open-angle glaucoma (POAG) treated pharmacologically, and 38 eyes of 19 healthy patients in the control group. The mean age of the patients was 59 years (range 23-83). The study included 64 female eyes and 30 male eyes. Pseudophakic patients after at least 6 months after cataract surgery were also qualified for the study. The Goldmann applanation tonometry results were corrected by CCT value (GAT CCT ), Goldmann applanation tonometry results without corrections by CCT value (GAT noCCT ) and applanation resonance tonometry results (ART) were compared. The measurements were made with at least a 10-min gap after each test, and the tests were performed in a random order. Central corneal thickness was measured by an ultrasound corneal pachymeter PIROP (ECHO-SON S.A., Puławy, Poland).
Statistical analysis was performed using STATISTICA v. 12 software. Distribution of the results was checked using the Shapiro-Wilk normality test. Differences and variance between GAT and ART were assessed using linear regression. The p-value <0.05 was considered statistically significant. Correlation analysis was performed using Pearson correlation coefficient.
Results
Mean GAT CCT was 16.46 mm Hg, while mean GAT noCCT was 17.27 mm Hg. Mean IOP measured with ART was 17.72 mm Hg ( Table 1 ). The mean absolute value of IOP difference |(ART − GAT CCT )| was 1.87 mm Hg with SD of 1.24 mm Hg. When compared to other differences, the calculated value was low with the lowest variance. The mean IOP difference (ART − GAT CCT ) was 1.40 mm Hg with SD of 1.76 mm Hg. The mean absolute value of IOP difference (ART − GAT noCCT ) was 2.07 mm Hg with SD of 1.70 mm Hg. The mean IOP difference (ART − GAT noCCT ) was 0.48 mm Hg, however, with a comparably higher SD of 2.64 mm Hg (Table 2) . Intracular pressure, measured by both ART and GAT, was higher in the glaucoma group than in the control group (p < 0.05). A statistical analysis showed the most significant correlation between the ART values and the GAT CCT values (correlation test p < 0.05, correlation coefficient = 0.66). When compared to GAT, ART overstated IOP by about 2 mm Hg. Tables 3 and 4 show the percentage of measurement values in which the differences between ART and GAT noCCT , and between ART and GAT CCT exceeded ±5 mm Hg. Unlike in the previous study with ART attached to a slit lamp, overstated high IOP values in manual ART were not noticed. 9 Corneal thickness had a little impact on the mean ART and GAT difference in IOP. The attempt to correct ART values by CCT reduces the correlation between ART and GAT.
Discussion
Our study proved that IOP values measured by ART and GAT were comparable. Nonetheless, ART tends to overstate the higher values of the pressure. The correlation between a Goldmann tonometer and a resonance tonometer is more significant when using a handheld, automatic version in comparison with ART attached to a slit lamp.
One of the first studies that compared GAT and ART was conducted by Hallberg et al. on 24 healthy patients and 24 patients with elevated IOP.
6 Intracular pressure was measured with the use of ART, during the corneal indentation phase and the phase when the sensor was removed. Goldmann tonometry was used as a reference method. The study showed a significant correlation between IOP indentation Table 3 . Number and percentage of measurements in which the difference between ART and GAT noCCT was higher than 5 mm Hg (according to ISO standards for new tonometers) In further studies on a porcine eye model evaluating the use of ART for IOP measurement, ART-acquired values were thought to be strongly operator-dependent. 10 However, more detailed studies regarding this topic showed that operator dependency did not significantly affect IOP values. The research by Hallberg et al. proved that offcenter placement of the new designed device with a larger contact surface (7 mm) is not clinically significant. The precision of ART was well within the ISO standard requirements for a tonometer. 11 Precision of the 2 versions of ART -handheld and biomicroscope -was analyzed in a large, randomized, prospective study performed on 153 human eyes. The study presented that both ART attached to a slit lamp and handheld ART met the ISO criteria for tonometers. The biomicroscope setup demonstrated a marginally better precision when compared with handheld ART. 12 The aim of the study by Jóhannesson et al. was to define the correlation between servo-controlled ART and manual ART with regard to GAT. Seventy-seven patients (152 eyes) were examined by 6 measurements using each method. Intracular pressure during the indentation phase (the dynamic state) and IOP during 2-second applanation (the static state) were analyzed. The study showed that manual ART met the ISO criteria of the standard deviation range for both phases, while the servo-controlled ART fulfilled the criteria only during the static stage. 7 Elevated intraocular pressure is the main risk factor of glaucoma development; therefore, the majority of studies are focused on this group of patients. Ottobelli et al. examined 115 glaucomatous patients and 63 patients from the control group. Goldmann tonometry and double resonance tonometry were performed in a random order. The statistical analysis showed that ART overestimated IOP on average by 1.3-1.7 mm Hg compared to GAT, especially in patients with high IOP. The ART results were repeatable but the 2 nd (ART 2) was lower than the 1 st (ART 1), probably due to the increased tranquility of the patients during the 2 nd test. 8, 12 Also, Salvetat et al. investigated the repeatability and accuracy of servo-controlled ART. They obtained high repeatability of ART, but significantly lower than GAT. Common conclusion was drawn -ART overestimated GAT values, especially in patients with high IOP. 8, 13 Many papers compare new techniques of IOP measurement usually with a Goldmann tonometer as a reference point. Jóhannesson et al. in a prospective study of 53 subjects compared 3 tonometry methods -GAT, Pascal dynamic contour tonometry (DCT), and ART. The assessment of IOP was made prior to, directly after, 3, and 6 months after laser-assisted sub-epithelial keratectomy (LASEK), which is known to have a great impact on biomechanical properties of the cornea. Six measurements were obtained with a 5-min gap after each test in a randomly selected eye. The reduction of IOP was observed in the 3 rd and 6 th month after the laser eye surgery; however, the biggest decrease of IOP was noticed in the GAT group after 6 months (−1.7 ±1.8 mm Hg), then in the static ART group (−1.2 ±1.5 mm Hg), followed by DCT patients (−1.1 ±1.6 mm Hg) and the dynamic ART group (−1.0 ±1.5 mm Hg).
14 After 2 years of follow-up, dynamic ART showed no significant difference in the measured IOP. We concluded that corneal properties had the least impact on dynamic ART measurements, so we recommend it in patients after LASEK. 15 Jóhannesson et al. analyzed the impact of ageing on eye proprieties in 2 healthy but age-differentiated groups. Intracular pressure was measured by ocular response analyzer (ORA), dynamic contour tonometry (DCT), applanation resonance tonometry (ART), and Goldmann applanation tonometry (GAT). Values obtained by ORA, DCT and GAT were higher in elderly patients than in the young population. Applanation resonance tonometry showed no difference of IOP between those groups. The authors suggest that age-independent results may be partially explained by the character of the ART method. The study also proved that ART does not depend on central corneal thickness (CCT) and corneal curvature (CC). 16 Probable fluctuation of IOP after corneal surgeries was examined by Beckman et al. in a study from 2014. His research on 28 patients (29 eyes) after corneal crosslinking (CXL) and on a corresponding control group showed that ART can be a useful method for assessing corneal hysteresis (CH). 17 In a recent study investigating the impact of multiple IOP measurements and the use of topical anesthetics on IOP, using GAT and ART, Jóhannesson et al. demonstrated the IOP reduction after repeated pressure measurements. Also, a reduction in IOP was observed after the use of topical anesthetics without multiple IOP measurements. Authors advise to take into account the reduction of IOP when topical anesthetics or repeated IOP measurements would be performed in a study. 18 
Conclusion
Applanation resonance tonometry, when compared to GAT, overstates IOP values by approx. 2 mm Hg. The difference between IOP measurements using ART and GAT is not significant in the range of tested values (8-25 mm Hg). The IOP level variance is comparable, which supports the statement that handheld ART is an equally predictable method as GAT. Its automatic, triple measurement along with the exam-quality indicator make ART a more objective method than GAT. Further technological improvement and large multi-center studies may improve ART position in the field of IOP tonometers.
